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Abstract 
Laser additive manufacturing is an established and constantly developing technique. Structural assessment should be a key 
component to ensure directed evolution towards higher level of manufacturing. The macroscopic properties of metallic structures 
are determined by their internal microscopic features, which are difficult to assess using conventional surface measuring 
methodologies. X-ray microtomography (CT) is a promising technique for three-dimensional non-destructive probing of internal 
composition and build of various materials. 
Aim of this study is to define the possibilities of using CT scanning as quality control method in LAM fabricated parts. Since the 
parts fabricated with LAM are very often used in high quality and accuracy demanding applications in various industries such as 
medical and aerospace, it is important to be able to define the accuracy of the build parts. The tubular stainless steel test specimens 
were 3D modelled, manufactured with a modified research AM equipment and imaged after manufacturing with a high-power, 
high-resolution CT scanner. 3D properties, such as surface texture and the amount and distribution of internal pores, were also 
evaluated in this study. 
Surface roughness was higher on the interior wall of the tube, and deviation from the model was systematically directed towards 
the central axis. Pore distribution showed clear organization and divided into two populations; one following the polygon model 
seams along both rims, and the other being associated with the concentric and equidistant movement path of the laser. Assessment 
of samples can enhance the fabrication by guiding the improvement of both modelling and manufacturing process. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Lappeenranta University of Technology (LUT). 
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1. Introduction 
Laser additive manufacturing (LAM) has gained considerable interest in the past few years. The hype created 
around additive manufacturing and 3D printing, started as cheap consumer grade 3D-printers appeared on the markets 
in the end of 2000s. The largest driver for growth of interest in industry is that the quality of the laser additive 
manufactured parts is high enough for the parts to be used in different industrial fields as functional parts (Buchbinder 
et al. 2011, Matilainen et al. 2014). 
Current LAM methods can be used effectively in two distinctly different cases. The methods fortes are both in 
small series of products or when the complexity of the product is sufficiently high. Both of these situations have been 
the clear bottle necks of conventional manufacturing methods (Piili et al. 2013). In small series or unique production, 
LAM can replace for example casting and reduce costs and time to market. When analyzing the LAM manufacturing 
process, it becomes evident that the complexity of the product does not increase the cost. When comparing for example 
a solid feature to a honeycomb structure, the reduction of material melted reduces the manufacturing time, material 
costs and most importantly the machine cost making the more complex feature cheaper than the traditional solid 
structure. 
 Laser additive manufacturing process is a layer-wise material addition technique, which allows manufacturing of 
complex 3D parts by selective solidification of consecutive layers of powder material on top of each other. Solid 
structure is achieved by thermal energy supplied by focused, computer guided laser beam. The process produces 
practically fully dense parts. For example, EOS states a density of approx. 100 % for EOS PH1 stainless steel. In many 
cases, the pieces do not need any other post-processing than detaching from the build platform and surface finishing 
(Bineli et al. 2011, EOS GmbH 2014, Gibson et al. 2010, Kruth et al. 2005). 
The Fraunhofer Institute for Laser Technology (ILT) and RWTH Aachen University display the benefits of LAM 
in three categories: 1) complexity for free, 2) individualization for free and 3) fast time-to-market. (Fraunhofer ILT 
2013). By using LAM, the costs are not related to the complexity of the piece and contrary to the traditional methods, 
only the material deposited counts. This along with the digital design process, especially relatively simple CAM 
programming from a 3D model, give an unique opportunity to allow each piece to be individual and optimized case-
by-case as the end application specifies and needs. This flexibility of the process allows faster time-to-market than 
conventional prototyping methods and more unique products, made to meet special client demands, not average 
market demands.  
In short, the advantages of laser additive manufacturing are geometrical freedom, mass customization and the 
possibility to use materials, which are difficult to process with other manufacturing methods. The laser additive 
manufacturing can be used for building visual concept models, customized medical parts and also tooling moulds, 
tooling inserts and functional parts for example in aerospace industry. Because of these areas, process reliability, 
performance and dimensional accuracy will play in huge role when using LAM manufacturing techniques in mass 
production (Matilainen et al. 2012, Castillo 2005, Gibson et al. 2010, Kruth et al. 2010). This is why there also is 
several needs to be able to measure, analyze and characterize dimensional accuracy of LAM work pieces. 
To assess the build of three dimensional parts, the best approach is to have all measurements taken also in full 3D. 
Computed tomography (CT) is a suitable technology to perform the 3D scanning, especially with metallic objects 
(Kruth et al. 2011, Van Bael et al. 2011). In CT-scanning, x-ray radiographs of the sample are taken over a full 360° 
rotation, which are used to compute a three-dimensional attenuation map of the external and internal structure of the 
sample. This reconstruction can be used to describe, take measurements and quantify the features related to length, 
area, volume, atomic density and shape. 
2. Aim and purpose of this study 
Aim of this study is to determine possibilities and limitations of using CT-scanning as quality control method in 
LAM fabricated parts. Since the parts made with LAM are used in high quality and accuracy demanding applications 
in various high-tech industries such as medical and aerospace, it is important to be able to define the accuracy of the 
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build parts. The aim of the study was also to concentrate on tubular test specimens, which were 3D modelled, and 
manufactured with a modified research LAM equipment, equal to commercial EOS M series at the Lappeenranta 
University of Technology. The specimens were imaged after manufacturing with a high-power, high-resolution 
phoenix|x-ray Nanotom 180 NF at the University of Helsinki. The circular arc of the tube polygon mesh was 
constructed with 4 ° intervals, and tube wall thickness of 1 mm. Imaging was performed with an effective pixel size 
of 6.8-8 μm. Surface texture and the amount and distribution of internal pores were evaluated. This study will give 
the understanding of measuring dimensional accuracy of LAM pieces, and especially possibility of using CT scanning 
in this analysis. 
3. Used material and equipment 
3.1. Test pieces 
Test pieces in this study were pipes designed with a ~4.4 mm inner diameter, 1 mm wall thickness and length of 
25 mm. For CT scanning, the wall thickness was chosen to be 1 mm due to the high absorbance of steel in the x-ray 
regime. The overall shape of the work piece was selected to be cylindrically symmetric due to the scanning geometry. 
To maximize the magnification and thus spatial resolution, the specimen was designed to be small in size. Test piece 
is presented in figure 1. 
Fig. 1. 3D model of test piece used in this study. 
Test piece was modelled with SolidWorks and exported to STL- file format with a resolution where the maximum 
deviation of the surface triangles was ~1.8 μm and angular resolution tolerance 4 degrees. 
3.2. LAM machine 
Laser additive manufacturing system used in this study was modified research system representing EOS EOSINT 
M-series equipment. The laser beam is transferred from the laser source to Scanlab hurrySCAN 20 galvanometric 
scanner via optical fibre. The laser of this system produces maximum continuous power of 200 W at a wavelength of 
1070 nm. The focal length of the system is 400 mm and the focal point diameter of the laser beam is 100 μm. Laser 
additive manufacturing machine used in this study consists of a laser unit, a process chamber and a process control 
computer. The building process was done in nitrogen atmosphere to avoid oxidation of melted metal. Fig. 2 shows the 
LAM equipment used in this study. 
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 Fig. 2. LAM Equipment used in this study (modified from: Scotti et al. 2014). 
 
3.3. CT Scanning device 
The computed X-ray microtomography (μCT) measurements were carried out using a custom-made μCT device 
nanotom® supplied by Phoenix|Xray Systems+Services GmbH (Wunstorf, Germany). The main hardware 
components of the device are a high-power nanofocus transmission-type X-ray tube with tungsten anode, a high 
resolution computer-controlled translation/rotation stage for the sample and a CMOS flat panel detector with 2304 x 
2284 pixels of 50 μm x 50 μm size (Hamamatsu Photonics, Japan). 
Fig. 3. X-Ray microtomography setup in the University of Helsinki. 
3.4. Materials 
Material used in the study to fabricate test pieces was EOS Stainless Steel 316L powder. The chemical composition 
of the material is presented in Table 1. and the mechanical properties of parts in Table 2.  
Table 1. The chemical compositions of EOS 316L stainless steel powder (EOS Finland). 
Element Fe C Cr Ni Mo Mn Cu P S Si N 
Composition 
Max. (%) 
Balance 0.030 19.00 15.00 3.00 2.00 0.50 0.025 0.010 0.75 0.10 
Composition 
Min. (%) 
Balance  17.00 13.00 2.25       
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Table 2. Mechanical properties of parts made out of EOS 316L stainless steel powder (EOS 2014, p. 4). 
Ultimate tensile strength 
Horizontal direction (XY)  640 ± 50 MPa 
Vertical direction (Z) 540 ± 55 MPa 
Yield strength 
Horizontal direction (XY)  530 ± 60 MPa 
Vertical direction (Z) 470 ± 90 MPa 
Elongation at break 
Horizontal direction (XY) 40 ± 15 % 
Vertical direction (Z) 50 ± 20 % 
Hardness 85 HRB 
 
This material is a corrosion resistant iron based alloy and the chemical composition corresponds to the ASTM F138 
(18Cr-14Ni-2.5Mo) stainless steel material for surgical implants. In addition to excellent corrosion resistance, the 
material is safe to use as implants, since there are no leachable substances in cytotoxic concentrations. The material 
can be also used in lifestyle, automotive and aerospace products. Due to the nature of layer-wise building process, 
manufactured parts exhibit some anisotropic behavior (EOS 2014, p. 1.). This can be noticed also from Table 2 as it 
represents some mechanical properties of finished parts made out of this stainless steel material. 
As it can be observed from Table 2, the yield and ultimate tensile strength of the material is lower in vertical 
direction than in the horizontal direction. This has to be taken into careful consideration, especially when designing 
objects that will experience heavy loads. Furthermore, the building direction and the resulting anisotropy and porosity 
may have actual effects on welding and numerous other physical properties of the manufactured parts.  
4. Experimental procedure 
Basic principle of LAM procedure is shown in Fig. 4.  
Fig. 4. Basic principle of LAM fabrication process (modified from: Scotti et al. 2014). 
Once the 3D model is converted to a .STL-file, the 3D STL- model is sliced into layers. In this case, the layer 
thickness was 20 μm, which is also equal to layer thickness of LAM process. When fabricating the object, the LAM 
machine spreads a layer of powder, which is melted by laser beam according to the 2D slice data. The powder 
spreading and the melting of the cross-sections of the part is continued layer by layer until the object is built 
completely. In this study, the cylindrical test pieces were manufactured with nominal parameter set designed for the 
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stainless steel 316L material. Used laser power was 200 W and laser scanning velocity was 1000 mm/s. The scanning 
of the parts was done in 5 mm stripes and the scanning direction altered in every layer by turning 90 degrees. 
For the CT scanning, the cylindrical test pieces were glued on top of carbon fibre rods and oriented upright using 
a Huber goniometer head. The samples were imaged using tube acceleration voltage of 170 kV and 60-120 μA current. 
The polychromatic x-ray beam was filtered utilizing copper plates of 1-4 mm thickness. The measurements consisted 
of 600-720 x-ray transmission images, taken around a full 360° rotation. The exposure time was 5-15 s for each image. 
The effective pixel size in the images was 6.8-8 μm. 
3D reconstructions were made using datos|x rec-software supplied by by Phoenix|Xray Systems+Services GmbH. 
Prior to the reconstruction, the projection images were filtered with a median filter with kernel size 5 x 5 in ImageJ 
(National Institutes of Health, United States of America) to suppress noise and defective pixels. Thresholding of the 
reconstructed volumes was carried out using the program VGStudio MAX 1.2.1 (Volume Graphics GmbH, Germany). 
A surface model of the parts were extracted with the Extract Surface tool in VGStudio, and analyzed with Rapidform 
XOS3 using Geometry and Mesh Deviations tools (3D Systems Inc., United States of America). Surface 
reconstructions of the pipes were oriented using the Rapidform Transform Scan Data tool and cut to 5 mm pieces 
using the Split tool. 
5. Results and discussion 
Comparing and evaluating the original 3D model and the actual CT scanned specimen (Table 3.), several key 
differences could be identified.  
Table 3. Surface, volumetric and porosity properties comparison table between the original model and the CT scanned cylindrical test specimen. 
Specimen Pipe length, 
mm 
Surface 
area, 
mm2 
Relative 
surface 
area 
Volume, 
mm3 
Relative 
volume 
Pore 
volume, 
mm3 
Porosity, 
‰ 
Model 5.0 168.55 1 84.26 1 0 0 
Pipe 1 5.0 241.76 1.43 75.93 0.90 0.06 0.79 
Pipe 2 5.0 342.74 2.03 77.73 0.92 0.06 0.77 
Pipe 3 5.0 231.16 1.37 73.86 0.88 0.1 1.35 
Specimen Inner 
area,  
mm2 
Relative 
inner 
area 
Outer 
area,  
mm2 
Relative 
outer 
area 
Deviation, 
inner average, 
mm 
Deviation, 
outer average, 
mm 
Deviation, 
combined, 
mm 
Model 68.56 1 99.99 1 0 0 0 
Pipe 1 126.40 1.84 115.36 1.15 -0.013 -0.097 -0.094 
Pipe 2 206.63 3.01 136.12 1.36 0.102 -0.127 0.004 
Pipe 3 117.31 1.71 113.86 1.14 -0.015 -0.112 -0.092 
 
All the comparisons were done from full volumetric 3D data (Fig 5.). Variation between the different 3D parts was 
partly due testing with slightly different scan settings and density thresholds. 
Surface area was increased (Fig. 6.), both on the inner and outer pipe surfaces, mainly due to the finish roughness 
of additive manufacturing technique. On the whole surface, relative surface area (relief) was from ~1.4 to 2.0 times 
greater, on the inner surface ~1.7 to 3.0 times greater and on the outer surface ~1.1 to 1.4 times greater. Also, the 
original polygon model had 4 degree perimeter intervals, which was clearly visible in the finished specimen as surface 
texture. Average deviation was ~0.1 mm inwards from the modelled outer surface and approximately even with the 
inner surface; even with no difference on the inner surface, surface roughness and thus difference in local distances, 
has to be taken into consideration when evaluating the actual specimen surface.  
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Surface roughness can be measured also with other scanning and imaging techniques. Where CT scanning would 
be undefeatable, are fully enclosed surfaces inside larger pieces and hard to reach surfaces like our test specimen inner 
tube walls. Very finely detailed surfaces are also measurable with high-resolution scanning. In these surfaces, relief 
or roughness is very critical when considering medical reactive surface amounts or air and liquid flow modelling. 
Specimen volume, without the porosity, was decreased by ~10 % compared to the model. This was caused by surface 
roughness and the smaller diameter of the outer rim (Fig. 7.). 
Specimen volume, without the porosity, was decreased by ~10 % compared to the model. This was caused by 
surface roughness and the smaller diameter of the outer rim (Fig. 7.). 
 
Fig. 5. CT scanning data volume reconstruction with porosity and surface roughness shown from Pipe 1 virtual intersect. 
Fig. 6. Surface reconstruction of Pipe 3 and deviation (left) from the original 3D model (right). Cold (blue to green) colors for negative difference 
and warm (yellow to red) colors for positive difference with maximum value of ±0.2 mm (values higher or visually saturated). 
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Fig. 7. Surface reconstruction of Pipe 3 overlaid with the model pipe, showing volume decrease. Higher inner surface relief is penetrating the 
original model in places where the polygon edges are located (4 degree intervals), otherwise the specimen surfaces are inside the model extents.  
 
Total porosity of the specimen was ~1 ‰ (Fig. 8. and 9.). The pore distribution could be assigned to two 
populations: one population occurred near the inner and outer surface and was distributed with the same 4 degree 
polygon model intervals. The other population was formed with a continuous pattern of 5 mm square edged line 
pattern, with pore distance of 200 μm, which coincides with a software driven global parameter ‘stripe’ (rotated 90 
degrees between layers and having the XY-extents of 5 mm) and the focal point laser diameter induced manufacturing 
resolution. 
The porosity pattern continues throughout the specimens as horizontal layers, possibly causing the anisotropic 
behaviour of mechanical properties. Structured porosity may also cause structured weakness under stress and 
combined with surface roughness have an effect, for example, on the welding properties of the material. This could 
be minimized by using detailed enough 3D models, with high polygon counts and angular resolution, and adjusting 
the global print parameters to minimize the movement path effects of the laser. Porosity evaluation would have been 
practically impossible to do non-destructively without using CT scanning as the imaging methodology. 
Fig. 8. Porosity of the CT scanned specimen Pipe 3 viewed from different directions. 
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Fig. 9. Porosity distribution and surface structure of the CT scanned specimen viewed along the pipe length axis through the whole specimen. 
Pipe 1, 2 and 3 are shown separately, and all the pipes overlain. Nonparametric density plot in the middle has the pore distribution from all the 
specimen overlain with quantile contours. 
6. Conclusions 
Aim of this study is to define the possibilities of using CT scanning as quality control method in laser additive 
manufactured (LAM) parts. As the parts made with LAM are very often used in high-tech applications in various 
industries such as medical and aerospace, it is important to be able to define the accuracy and quality of the build 
parts.  
This article describes a methodology which is used for evaluating laser additive manufacturing produced pieces. 
All the steps from 3D modelling, parametrization of the LAM equipment, manufacturing process, CT scanning, and 
quantifying the surface topography, volume differences and porosity analysis were addressed. Optimization of the 
whole manufacturing process was found needed, especially in the modelling and parametrization phases, and will be 
addressed in our future work. 
Outright comparison and evaluation of the differences between a 3D model and an actual test piece was found to 
be very practical this way. Surface area and volumetric comparisons are quick and ready to be applied with simple 
workflows. The measurable surface relief or roughness is very critical when considering medical reactive surface or 
air and liquid flow modelling. 
It was also concluded, that the internal microscopic porosity in the specimens would have been practically 
impossible to be described and analyzed without using CT scanning. This knowledge can be then used to enhance the 
whole manufacturing process and also to increase the strength and improve other physical properties of the materials. 
The same goes with surface roughness in enclosed or hard to reach loci. Using small sample specimen, which are 
possible to CT scan, is a way to extend the conformity to larger pieces manufactured with the same setup and settings, 
a set of rules. 
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